Background: The objective of this study was to determine movement variability in 46 the more-affected upper-extremity in chronic stroke survivors. We investigated 47
two hypotheses: (1) individuals with stroke will have increased amount of 48 variability and altered structure of variability in upper-extremity joint movement 49 patterns as compared to age-matched controls; and (2) the degree of motor 50 impairment and joint kinematics will be correlated with the temporal structure of 51 variability. 52
Methods: Sixteen participants with chronic stroke and nine age-matched controls 53 performed three trials of functional reach-to-grasp. The amount of variability was 54 quantified by computing the standard deviation of shoulder, elbow, wrist and 55 index finger flexion/extension joint angles. The temporal structure of variability 56 was determined by calculating approximate entropy in shoulder, elbow, wrist and 57 index finger flexion/extension joint angles. 58
Findings: Individuals with stroke demonstrated greater standard deviations and 59 significantly reduced approximate entropy values as compared to controls. 60 Furthermore, motor impairments and kinematics demonstrated moderate to 61 strong correlations with temporal structure of variability. 62
Interpretation: Changes in the temporal structure of variability in upper-extremity 63 joint angles suggest that movement patterns used by stroke survivors are less 64 adaptable. This knowledge may yield additional insights into the impaired motor impairments (Olsen, 1990) . Unfortunately, despite the development of various 88 rehabilitation techniques, residual UE impairments remain (Duncan et al., 2000; 89 Nakayama et al., 1994) . Thus, a more thorough understanding of UE 90 impairments is needed to develop effective treatments maximizing motor ability 91 post-stroke. 92
Among the constellation of UE impairments, individuals with post-stroke 93 hemiparesis often exhibit atypical movement patterns characterized by mass and 94 whole limb movements with limited dissociation between joints (Cirstea and 95 Levin, 2000) . These aberrant movement patterns exhibit high variability in terms 96 of increased standard deviation (SD) and/or coefficient of variation (CV) in 97 several kinematic measures: UE joint range of motion, peak velocity, movement 98 time and trajectory accuracy as compared to healthy controls (Cirstea and Levin, 99 2000; Woodbury et al., 2009 ). SD and CV are linear measures of variability and 100 quantify the amount of variability, or movement error, around a central point 101 (Newell, 1976) ; however, they cannot capture the fine adjustments of the limbs 102 that occur during the course of motor performance (Harbourne and Stergiou, 103 2009 ). UE movements involve continuous adjustments to successfully reach and 104 grasp objects of various sizes and shapes. For instance, individuals make 105 continuous fine adjustments to maintain their grip on a glass, if they perceive that 106 the glass may slip from their hands. These fine adjustments or variations made 107 during continuous movements over time are referred as temporal structure of 108 variability reflecting the adaptability of the motor system. There is limited evidence of the 117 application of non-linear measures in UE motor impairments post stroke. 118 Therefore, the application of non-linear measures to characterize the temporal 119 structure of variability in UE movement may yield additional insights into impaired 120 motor control post-stroke. 121 Stergiou, Harbourne and Cavanaugh (2006) proposed that an optimal state 122 of variability is associated with a healthy motor system. This model suggests that 123 healthy states are associated with optimal movement variability and this 124 variability reflects the adaptability of the underlying control system. The principle 125 of optimality is demonstrated by an inverted U-shape relationship exhibited 126 between complexity and predictability. At an optimal state of movement 127 variability, the largest complexity lies in the intermediate region between 128 maximum predictability and no predictability and is representative of a "healthy" 129 6 state. For a detailed description of the optimal variability model refer to figure 2 in 130 Stergiou, Harbourne and Cavanaugh (2006) . Complexity signifies the presence 131 of chaotic temporal variations in the steady state output of a healthy biological 132 system and represents the underlying physiologic capability to adapt to everyday 133 stresses placed on the human body (Lipsitz and Goldberger, 1992; Lipsitz, 134 2002) . Decrease or loss of the optimal state of variability renders the system 135 more predictable and rigid exhibiting a robotic type of motor behavior. For 136 example, individuals with stroke often exhibit UE movements with limited 137 dissociation between joints resulting in predictable or stereotypical movements 138 referred as abnormal synergies. Conversely, increases beyond optimal variability 139 render the system more noisy and unpredictable. Examining variability in reaching movements post-stroke provides a window 157 to understand the impaired motor system and suggest better interventions that 158 enhance UE movement adaptability. Therefore, the primary aim of this study was 159 to compare the amount and the temporal structure of variability of the shoulder, 160 elbow, wrist and proximal interphalangeal (PIP of index finger) flexion/extension 161 joint angles during reach-to-grasp movements between healthy individuals and 162 individuals with stroke. We hypothesized that the amount of variability of 163 shoulder, elbow, wrist, and PIP angles would be significantly greater and the 164 temporal structure of variability of shoulder, elbow, wrist and PIP joint angle 165 movement patterns would be significantly reduced in individuals post-stroke as 166 compared to in healthy individuals. 167
Methods 168

Participants 169
The participants were 16 individuals diagnosed with stroke and nine 170 healthy controls. The mean years of age for the participants with stroke was 67.6 171 (SD 8.1) and for the healthy controls 57.2 (SD 6.7). Demographic information as 172 well as lesion location and severity of stroke based upon the UE Fugl-Meyer 173 subscale for individuals with stroke are presented in Table 1. The participants  174 were part of a larger study investigating upper-extremity motor rehabilitation. 175
Participants were included if they: (1) were between the ages of 18-90 years; (2) 176 had a single ischemic stroke at least 6 months prior to enrollment; (3) were able 177 to follow two-step commands; (4) had no history of more than minor head Data analysis was performed on the last three trials. The data were the 3D 220 positional coordinates of each marker with respect to a laboratory coordinate 221 system throughout the movement series. The data were manually labeled and 222 reconstructed using Vicon software, and then modeled using SIMM (4.2, Santa 223 Rosa, CA) to calculate the shoulder, elbow, wrist and PIP angles. The start of 224 reach was identified as the time point at which the velocity of the index finger 225 marker exceeded 5% peak velocity and the termination of reach as the time point 226 at which velocity of this marker fell below 5% peak velocity. One degree of 227 freedom in the sagittal plane (flexion/extension) was used to determine shoulder, 228 elbow, wrist and PIP joint angle. To retain the inherent temporal structure of the 229 variability present, the kinematic data were not filtered prior to analysis (Rapp, 230 Albano, Schmah, and Farwell, 1993). 231
Variability of UE kinematics 232
To measure the amount of variability, SDs of three trials of the shoulder, 233 elbow, wrist and PIP joint angle range of motion were computed. The temporal 234 structure of variability of shoulder, elbow, wrist and PIP joint angle time series 235 was determined by computing approximate entropy (ApEn) with the MATLAB 236 code (R2009a, Natick, MA) developed by Kaplan and Staffin (1996) 
Amount of variability in joint angle time series 300
Individuals with stroke had larger SDs for shoulder, elbow, wrist and PIP 301 angles than for healthy controls. However, these differences did not reach 302 statistical significance (P>0.05) (Table 3) . 303
Temporal structure of variability in joint angle time series 304
Individuals with stroke exhibited significantly less (P<0.05) ApEn values 305 across all UE joints than controls (Table 2) . Additionally, the contribution of ApEn 306 of movement at each joint to the total ApEn differed between the groups. The 307 percent contribution of ApEn PIP joint to total ApEn was significantly greater (P = 308 0.002) for controls than for individuals with stroke (Table 2 ). In contrast, 309 individuals with stroke demonstrated a significantly greater percent contribution 310 of ApEn elbow (P = 0.002) and wrist (P = 0.014) joints to total ApEn than controls 311 (Table 3) . However, the difference in percent contribution of ApEn shoulder joint 312 to total ApEn was not significantly different (P = 0.803) between controls and 313 individuals with stroke (Table 2) . 314 315
Discussion 316
The primary purpose of the study was to compare the differences between 317 the amount and temporal structure of variability in UE movements between 318 individual's post-stroke and healthy controls. Although not statistically significant, 319 SD values were lower across all joints in healthy controls than individuals post-320 stroke. In contrast, ApEn values across all joints were significantly greater in 321 healthy controls than individuals post-stroke. Based upon the optimal variability 322 model, healthy controls exhibit an optimal nervous system, which may 323 demonstrate chaotic temporal variations revealing optimum adaptability to meet 324 the demands of everyday stresses placed on the human body. Deviance from the 325 optimal variability model may suggest the presence of pathology; less than 326 optimal variability may be representative of a more rigid, less adaptable system 327 limiting the repertoire of movement strategies 328 Scholz, 1990) . The results of this study suggest that temporal structure of 329 variability is reduced in individuals post stroke, which potentially could alter the 330 adaptability in their reach to grasp movements. 331
In healthy controls, ApEn was significantly greater in the index finger PIP 332 joint than the shoulder, elbow and wrist joints. Lower ApEn values characterize a 333 more stable or regular time series whereas; high ApEn values suggest an 334 unstable or irregular time series. Hence, lower shoulder ApEn values suggest 335 that shoulder is utilized primarily for stabilization of the arm during reach-to-336 grasp. Alternatively, the PIP joint might have produced greater adjustments 337 essential in manipulating the grasp around the can during the reach-to-grasp 338 task. Greater ApEn values at the PIP compared to more proximal joints in the 339 healthy controls are consistent with the current literature, which supports the 340 versatile nature of hand (Lemon, 1993; Tallis, 2003) . The advanced ability of the 341 hand to grasp and manipulate objects of various sizes, shapes and textures is 342 one of the key features of the human motor system (Begliomini et al., 2008) . 343
In contrast to healthy controls, participants post-stroke demonstrated a 344 significantly greater percent contribution from the wrist and elbow joints to total 345
ApEn. Individuals post-stroke possibly made significantly greater adjustments 346 with the wrist and elbow than with the PIP joint implicating an alternative 347 compensatory strategy for accomplishing the reach-to-grasp task. The significant 348 reduction in the percentage contribution of PIP joint ApEn values post-stroke 349 could be due to the fact that motor neuron pools of distal UE segments are 350 primarily innervated by the corticospinal tract, which is frequently compromised in 351 stroke (Colebatch and Gandevia, 1989) We acknowledge certain limitations of this study. Given the heterogeneity 374 observed in stroke, this sample size was relatively small, thus the lack of 375 significant differences between groups in shoulder and elbow SD might reflect a 376 lack of statistical power. The findings of this study are also limited to seated 377 unimanual, discrete reach-to-grasp tasks. Further research is necessary to 378 understand specific neurological mechanisms contributing to the changes in 379 variability in UE joints post-stroke compared to other kinematic and functional 380 variables. In particular, the effects of location and size of brain lesion, severity of 381 the lesion, integrity of the descending motor pathways, individual degree of 382 spontaneous recovery, and the duration of stroke onset upon temporal structural 383 of variability of UE joints needs to be explored. Additionally, future research is 384 warranted to determine whether or not constraining the trunk might affect the 385 temporal structure of variability. There is also a need to determine the effects of 386 intervention on these variables. 387
Conclusion and Implications for Rehabilitation 388
Our findings reveal that the temporal structure of variability in reach-to-389 grasp movements is significantly reduced post-stroke. A measure of the temporal 390 structure of variability seems to capture differences between the groups; even 391 with a small cohort of individuals post-stroke we were able to significantly 392 differentiate between healthy controls and individuals with stroke utilizing ApEn. 393
In contrast, employing linear measures, such as the standard deviation, we failed 394 to detect differences between healthy controls and individuals with stroke. 
